Introduction {#sec1}
============

Life for airborne species relies on breathing, a gas exchange process consisting of oxygen uptake and carbon dioxide release. Lungs are the functional organs of breathing and display a large interfacial area between air and water-rich tissue. The bronchoalveolar lung of mammals adopts a treelike structure, with millions of respiratory exchange units termed alveoli.^[@ref1]^ These alveoli are covered with a lipid--protein mixture that is commonly referred to as lung surfactant. Deficiency of the lung surfactant can lead to respiratory distress syndromes. The neonatal respiratory distress syndrome occurs in prematurely born infants, when the lung surfactant is not yet fully developed or completely lacking. This causes alveolar collapse, and it may be lethal if left untreated.^[@ref2],[@ref3]^

Surfactant replacement therapy has revolutionized the care of extreme preterm infants. The common treatment involves an intratracheal administration of an external lung surfactant source.^[@ref4]^ For this therapy, animal-derived surfactants are considered superior over synthetic ones.^[@ref5],[@ref6]^ Even though the surfactant replacement therapy has dramatically increased the survival rate,^[@ref7]^ late-effect diseases such as bronchopulmonary dysplasia remain a complication for a high number of extreme preterm births.^[@ref8]−[@ref10]^ Furthermore, there is no effective corresponding treatment for the adult respiratory distress syndrome, which inflicts high mortality rates of 35--50%.^[@ref11],[@ref12]^

The endogenous lung surfactant is a multicomponent system consisting of approximately 80 wt % phospholipids, with a majority of the disaturated dipalmitoylphosphatidylcholine (DPPC) but also ∼10--15 wt % charged lipids. It also contains ∼7--10 wt % cholesterol and ∼7--10 wt % proteins (SP-A, SP-B, SP-C, SP-D).^[@ref13],[@ref14]^ In the present study, we have used samples composed of the clinical surfactant replacement Curosurf, which is commonly used in surfactant replacement therapies in clinics throughout the world.^[@ref6]^ Curosurf is composed of water-insoluble lipids and is therefore formulated as a multilamellar vesicle dispersion in water. Curosurf has like other clinical extracts a much lower cholesterol (0--1 wt %)^[@ref15]^ and protein content (no SP-A or SP-D, less SP-B and SP-C)^[@ref14]^ than the endogenous lung surfactant. On the contrary, the phospholipid composition appears rather unaffected by the extraction.^[@ref14]^

The lung surfactant film mesostructure is a key characteristic of this biomaterial, since it determines both mechanical and transport properties. Two main molecular arrangements for the lung surfactant film have been proposed: (i) a lipid monolayer adsorbed at the air--liquid interface,^[@ref2],[@ref16]−[@ref20]^ and (ii) a thicker multilayer composed of several connected lipid bilayers, such as the tubular myelin arrangement or multilamellar aggregates.^[@ref21]−[@ref24]^ The structural distinction between a monolayer and a thicker multilayer is crucial when describing the functional properties of lung surfactant. Indeed, a coherent multilayer structure provides a reservoir of material, which decreases the free energy cost of area expansions occurring during a breathing cycle.^[@ref25]^ The multilayer arrangement will also influence diffusional transport of small molecules across the interfacial layer.^[@ref26]^

The lung surfactant film is situated in nonequilibrium conditions, which are both mechanical, because of the expansion and contraction in the breathing cycle, and thermodynamic, because of the water chemical potential difference between tissue and air. In the present paper, we specifically investigate the interplay between thermodynamic nonequilibrium conditions, the buildup of concentration gradients, and the formation of a multilamellar film at the air--liquid interface.

The lung surfactant layer is a lipid-rich multilayer film situated in between the water-rich tissue and a vapor phase, similarly to the stratum corneum covering our skin or the lipid tear film protecting our eyes.^[@ref27],[@ref28]^ If the lung was a closed equilibrium system, the vapor phase relative humidity in the lung would be around 99.6% relative humidity (RH), which corresponds to physiological osmotic pressure at 37 °C. Estimations of moisture patterns in the airways during tidal breathing have shown on a clear RH gradient in the respiratory system where the humidity approaches full saturation in the terminal airspaces.^[@ref29]^ However, there are uncertainties regarding the exact RH values in terminal airspaces due to inherent methodological difficulties in determining RH at very high humidities using, for example, hygrometric techniques. Dew point methods suggest that the alveolar air is not fully saturated.^[@ref30]^ Furthermore, at forced respiration, or in physiological extreme conditions when breathing cold or dry air, the RH gradient will be amplified. The importance of nonsaturated air in the lung was previously also underlined when studying free-forming lung surfactant films at air--liquid interfaces.^[@ref31],[@ref32]^

When the lung surfactant layer is exposed to air with humidity below 99.6%, a water gradient will build up across the layer. Even though this humidity drop is very small, it will have a large impact at the molecular level. For instance, a 1% decrease in relative humidity is equivalent to a 1.3 MPa change in osmotic pressure, which corresponds to changing the saline concentration from 150 to 425 mM.^[@ref33]^ From a thermodynamic standpoint, the lung surfactant film is thus placed in between two boundaries of different water chemical potential. This nonequilibrium condition translates into a free energy field extending through the lung surfactant film, which triggers fluxes of matter and thus the buildup of composition gradients throughout the interfacial multilayer structure. The variation in water chemical potential will influence lipid self-assembly in terms of phase behavior and water swelling, as previously demonstrated for simple phospholipid systems.^[@ref34],[@ref35]^

In this work, we use a recently designed millifluidic setup to monitor composition and structure gradients arising in an evaporation-induced free energy field^[@ref36]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). We show that this setup enables the concentration and fusion of lipid vesicles, and thus the spontaneous buildup of a multilamellar film at the air--liquid interface, and we characterize both composition and structure gradients within these films. We reach high spatial resolution using small-angle X-ray scattering with micrometric beam size to determine the variations in mesostructure along the composition gradients, which are in turn characterized through infrared and Raman microscopy. We also evaluate the impact of cholesterol on the structure of lung surfactant multilamellar films reconstructed from Curosurf. Indeed, the cholesterol content in endogenous lung surfactant has previously been shown to have large consequences for self-assembly in bulk and monolayer conditions,^[@ref37]−[@ref39]^ and it has been linked to the *in vivo* performance.^[@ref40]^ Finally, our setup makes it possible to make an evaluation of the deposition process of lung surfactant at the air--liquid interface, in a situation that is similar to the clinical one.

![Schematic view of the millifluidic setup, which consists of a rectangular capillary connected on one end to a reservoir of the Curosurf vesicular dispersion and exposed on its other end to an air flux of controlled relative humidity (RH). Water evaporation leads to the buildup of a multilamellar film through multilamellar vesicle fusion, which is birefringent under crossed polarizer observation.](oc-2018-00362g_0001){#fig1}

Results and Discussion {#sec2}
======================

Film Formation at the Air--Liquid Interface {#sec2.1}
-------------------------------------------

To quantitatively monitor self-assembly structure and composition gradients in lung surfactant multilamellar films, we used a recently designed millifluidic setup ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), as first described by Roger et al.^[@ref36]^ The cell consists of a borosilicate capillary with a rectangular cross-section 0.1 × 1 mm, which connects on one end to a large reservoir filled up with an aqueous solution, while its other end is exposed to an air flux of controlled relative humidity (RH). In this setup, transport occurs through unidirectional advection and diffusion along the capillary axis. Furthermore, boundary conditions at both ends are controlled and kept constant. Self-assembly structures at different positions in the water gradient were characterized using high-resolution small-angle X-ray scattering. In addition, the gradient in water content was obtained from infrared microscopy experiments, and the dynamics of film formation was studied using polarized optical microscopy. For all lung surfactant extracts investigated, a multilamellar structure spontaneously builds up at the air--liquid interface through the concentration and fusion of the dilute aqueous vesicle dispersion. Film formation was observed through an optical microscope using a crossed polarizer/analyzer setup. Depending on the system, one or several birefringent phases were visualized at the interface (example in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

The millifluidic setup operates dynamically so that a steady-state is never reached. Gradients thus propagate in the capillary over time. Nevertheless, we have demonstrated that this propagation follows a scaling law and that gradients are a function of a single variable coupling time and space.^[@ref41]^ In this experimental setup, absolute values of time and thicknesses thus bear no significance. Gradients can be rescaled to invariant profiles that only depend on the system considered and the boundary conditions. The scaling behavior brings experimental opportunities since the study of thin interfacial structures, such as the lung surfactant multilamellar film, can be scaled up to thicker films for which a much higher spatial resolution can be attained with the experimental methods at hand. The measured profiles in structure and composition can then be rescaled to the thickness of interest. Therefore, even though we typically grew films to a few hundred microns in the present experiments, the different composition and structure gradients can be directly rescaled to the thinner thicknesses expected for *in vivo* lung surfactant films. Indeed, while the exact *in vivo* film thickness is difficult to measure, it is at least of 0.2 μm.^[@ref42],[@ref43]^ This corresponds to a few dozen bilayers, which is sufficiently large to spread the gradients made evident in this work. Similarly, the vesicle concentration in the dispersion only plays a role on the film growth rate, since it directly relates to the amount of lipids transported toward the growing film, but not on the different gradient profiles.

Interfacial Self-Assembly in Lung Surfactant Multilamellar Films {#sec2.2}
----------------------------------------------------------------

Self-assembly structures at different positions within the interfacial multilamellar lung surfactant films were monitored using SAXS and WAXS. We used small beam sizes of 1.4 × 5 μm, with the smallest dimension taken along the capillary axis to maximize the spatial resolution of the gradient profile. In all systems investigated, we observed one or more lamellar phases, appearing as evenly spaced Bragg reflections in the SAXS spectra ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). No other types of self-assembly structures were detected. The repeating unidimensional units of lamellar phases are typically bilayers with fluid or solid chains. The presence of solid acyl chains can be distinguished from the WAXS spectra, where a prominent 4.1 Å reflection corresponds to a gel-state bilayer with hexagonally packed acyl chains.^[@ref44]^

![Lung surfactant film assembled from a lung surfactant extract dispersion, Curosurf, at 97% RH, 37 °C, and 48 h evaporation time. (a) Microscopy image taken under crossed polarizers. Overlaid white dots quantify the water gradient across the film, which is determined by infrared microscopy. (b) Wide-angle X-ray scattering (WAXS) 1D spectra at two different positions making evident solid lipid chains in the vicinity of the air--liquid interface. (c) Small-angle X-ray scattering (SAXS) 1D spectra at different positions, displaying the three lamellar phases' coexistence, which have been assigned to a double-spaced lamellar phase (*L*~×2~), a lamellar gel phase (*L*~β~), and a lamellar liquid-disordered crystalline phase (*L*~α(d)~). (d, e) SAXS maps of the scattering vector magnitude, *q*, versus the distance from the air--liquid interface. Map d is a zoom-in of map e and displays the three lamellar phases' coexistence in the vicinity of the air--liquid interface (about 20% of the total film thickness). Map e shows that this phase coexistence progressively disappears at larger water contents when moving further away from the air--liquid interface. (f) Two-dimensional SAXS pattern displaying a preferential orientation of the different structures along the same direction, which demonstrates that structures are unidimensional.](oc-2018-00362g_0002){#fig2}

![Lung surfactant film assembled from a 10 wt % cholesterol-supplemented lung surfactant extract dispersion, Curosurf, at 97% RH, 37 °C, and 48 h evaporation time. (a) Microscopy image taken under crossed polarizers. Overlaid white dots quantify the water gradient across the film, which is determined by infrared microscopy. (b) Wide-angle X-ray scattering (WAXS) 1D spectrum showing liquid lipid chains. (c) Small-angle X-ray scattering (SAXS) 1D spectra at different positions, displaying a single lamellar phase throughout the whole film. (d) SAXS maps of the scattering vector magnitude, *q*, versus the distance from the air--liquid interface. A single lamellar phase with limited swelling is observed. (e) Two-dimensional SAXS pattern displaying a preferential orientation of the lamellar structure, but continuously rotating from one position to another.](oc-2018-00362g_0003){#fig3}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} displays the scattering and microscopy data obtained for the clinical lung surfactant extract, using a relative humidity of 97% RH. The SAXS microscopy experiments yield structure maps ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) obtained from the individual SAXS spectra (examples of 1D spectra and 2D patterns are shown together with the structure maps in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), where the *x* axis corresponds to the position in the capillary, the *y* axis gives the *q* values, and the color scale corresponds to the logarithm of the scattered intensity.

In the samples with low cholesterol content, a single phase is observed over 80% of the film. Two-dimensional SAXS patterns indicate that this phase is unidimensional; 1D SAXS spectra show evenly spaced diffraction peaks, and WAXS spectra indicate liquid hydrocarbon chains. These observations are characteristic of the lamellar liquid-disordered phase, *L*~α(d)~. Moving closer to the air--liquid interface, which corresponds to the remaining 20% of the film, this *L*~α(d)~ first coexists with other phases, and ultimately disappears. WAXS spectra indicate the presence of crystalline hydrocarbon chains in the outer region of the multilayer film ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), while SAXS spectra indicate two different lamellar spacings. Two-dimensional patterns show that both structures are aligned along a single direction and are thus unidimensional. One of these two structures displays all the characteristics of a planar lamellar gel phase (*L*~β~). The other structure presents a weak first order peak at a much lower *q* value than for the two other lamellar structures. The measured *d* spacing of this third phase is indeed close to twice the average spacing of *L*~α(d)~ and *L*~β~ phases. One possibility would be to assign this structure to the two-dimensional phase, with the first peak corresponding to the ripple spacing ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00362/suppl_file/oc8b00362_si_001.pdf)). Indeed, such ripple phases can be observed in between the planar gel phase and the *L*~α(d)~ phases.^[@ref45]^ However, as stated above, the 2D patterns indicate that both first and second peaks are aligned in the same direction, which is not consistent with the ripple phase structure.

The scattering pattern ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00362/suppl_file/oc8b00362_si_001.pdf)) corresponding to the peak at low *q* value is similar to that of the *L*~γ~ phase presented by Luzzati and co-workers in the 1970s,^[@ref46],[@ref47]^ in their phase diagram studies of mitochondrial lipids. They observed the characteristic reflection pattern of a lamellar phase but with a very weak or absent first order peak, and with a spacing that was double that of a usual lipid lamellar phase. From this pattern, a lamellar phase with four monolayers in the unit cell was proposed. Interestingly, similar SAXS patterns have later also been reported for natural lung surfactant extracts with similarities to Curosurf.^[@ref48]−[@ref50]^ A similar scattering pattern was recently also reported for mixed phospholipid vesicles in the presence of peptides.^[@ref51]^ The formation mechanism of such an original lamellar structure likely originates from protein/lamellae interactions, for instance, through anchoring or bridging. Different lipid chain arrangements have been proposed for the observed double lamellar phases, but we have no experimental evidence to select one over the others. Furthermore, we have not observed the double spacing lamellar structure for equilibrium bulk conditions corresponding to the global lipid and protein composition of Curosurf dispersions ([Figures S4 and S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00362/suppl_file/oc8b00362_si_001.pdf)), which precludes a formal identification of this structure as an equilibrium one. Therefore, we prefer to use the notation *L*~×2~ to make a distinction between the observed structure and the *L*~γ~ equilibrium phase and its different possible molecular arrangements.

Overall, we observe from the bulk to the air--liquid interface the expected dehydration-induced transition between lamellar structures with fluid and solid acyl chains in the lung surfactant extract. This dehydration transition is analogous to the temperature-induced melting transition, and has previously been investigated for simple model systems relevant to the lung surfactant^[@ref34],[@ref45]^ and for a lung surfactant extract under bulk conditions.^[@ref52]^ However, in the interfacial film, we observe a different phase behavior, which is the formation of the *L*~×2~ structure. The *L*~×2~ structure is observed over a large region in the multilamellar film, corresponding to a significant range in water activity. On the contrary, in the bulk systems, the scattering data does not display any signs of the *L*~×2~ structure in the relevant range of RH (75% and 97% RH) and temperature (30--40 °C, [Figures S4 and S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00362/suppl_file/oc8b00362_si_001.pdf), Supporting Information). Furthermore, lamellar spacing for both *L*~α(d)~ and *L*~β~ phases significantly differs between the bulk and the capillary experiments, as shown by comparing [Figures S4 and S5 and Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00362/suppl_file/oc8b00362_si_001.pdf) with [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

Nonequilibrium Transport Effects in Multicomponent Systems {#sec2.3}
----------------------------------------------------------

We now turn toward an explanation of why nonequilibrium conditions in the capillary setup have such a large impact on the mesostructure of the interfacial multilayer film. Indeed, our previous study on simpler binary surfactant systems strongly supported local thermodynamic equilibrium and did not display any such nonequilibrium effects.^[@ref36]^ It is likely that for a multicomponent system, such as lung surfactant, more than one composition gradient builds up in the interfacial multilayer film, as previously predicted for ternary systems.^[@ref53]^ In such situations, the lipid distribution within the multilayer film will not be uniform, and the outer layer of the film can then be enriched in certain lipid components. This nonuniform distribution of lipid components can be explained by differences in diffusional properties of the various components within the interfacial mesoscopic structures.^[@ref53],[@ref54]^ Comparisons with equilibrium bulk studies for similar systems and conditions^[@ref55]−[@ref58]^ make it clear that small changes in composition can have a large impact on self-assembly structures. This implies that a minor shift in the balance between different lipid components in the interfacial multilayer film can lead to clear deviations from the bulk self-assembly structures. Similarly, proteins may also distribute heterogeneously within the film, which could also have structural consequences. In our particular case, the *L*~×2~ structure could arise from local composition changes compared to the bulk samples. In principle, the observed structure could thus be obtained at equilibrium but for different bulk compositions.

First, to investigate the existence of a lipid gradient superimposed on the water gradient, we performed Raman confocal microscopy ([Figures S6 and S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00362/suppl_file/oc8b00362_si_001.pdf)). We indeed observed that the ratio^[@ref59]^ between the 1655 cm^--1^ peak, corresponding to the C=C double bond bend, and the 1444 cm^--1^ peak, corresponding to CH~2~ scissors and CH~3~ degenerate deformation, decreased within the multilayer film toward the air--liquid interface. The amount of unsaturated lipids was systematically lower in the region where the *L*~×2~ structure was observed. This lipid gradient arises within the forming film since the vesicle compositions remained constant in the bulk dispersion up to their fusion. In the multicomponent lung surfactant system, the gradient in lipid composition may have functional consequences if the outer layer that is exposed to the oxygen-rich vapor phase is enriched in saturated lipids. Such accumulation of saturated lipids, which are here mainly DPPC,^[@ref13],[@ref14]^ in the vicinity of the air--liquid interface is also consistent with the disappearance of the *L*~α(d)~ phase in the outer layer of the multilayer film, while this phase is observed in the bulk samples of Curosurf for all corresponding humidity and temperature conditions ([Figures S4 and S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00362/suppl_file/oc8b00362_si_001.pdf)). The induced gradient in the ratio between saturated and unsaturated lipids could also explain the smaller lamellar swelling observed in the outer layer of the multilayer films as compared to the bulk Curosurf samples. Indeed, the majority of the anionic phospholipids in lung surfactant extracts is unsaturated^[@ref37],[@ref60]^ and likely depleted from the vicinity of the air--liquid interface. A reduction of charged lipids will reduce the electrostatic repulsion and thereby reduce the swelling of the lamellar phase.

Second, the Raman spectra obtained for lung surfactant multilayer films displayed a large fluorescence background signal, which we believe is due to the presence of proteins in the Curosurf mixture. The intensity of this background fluorescence signal systematically increases by an order of magnitude when going from the bulk vesicle dispersion toward the outer layer of the multilayer film in the capillary ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00362/suppl_file/oc8b00362_si_001.pdf)). This observation suggests that the proteins present in the Curosurf sample, SP-B and SP-C, are also unevenly distributed in the multilayer film. Indeed, these proteins accumulate close to the air--liquid interface. Such a protein gradient may explain the formation of the *L*~×2~ structure similarly to what has been found for other lipid--protein systems,^[@ref51]^ including previous studies of natural lung surfactant.^[@ref48]^ Indeed, SP-B may bridge two opposite monolayers while SP-C may anchor one bilayer to another monolayer. Their accumulation at the air--liquid interface would thus favor the formation of a double bilayer lamellar cell.

Cholesterol and Calcium Ion Effects on Lung Surfactant Films {#sec2.4}
------------------------------------------------------------

All lung surfactant extracts used in clinical treatments of neonatal respiratory distress syndrome (RDS), including Curosurf that we used in this study, have a significantly lower cholesterol content compared to the endogenous lung surfactant.^[@ref13]^ We verified the cholesterol content of our Curosurf sample and found it was under the detection limit of our spectroscopic method (⩽0.1 mmol/L). The lipid and protein content of Curosurf has been determined by several groups previously.^[@ref14],[@ref15],[@ref61]^ Curosurf contains neither SP-A nor SP-D^[@ref61],[@ref62]^ and lower amounts of SP-B and SP-C than the endogenous lung surfactant.^[@ref14]^

A strong effect of cholesterol on the phase behavior of lung surfactant extracts has previously been shown in bulk samples.^[@ref37],[@ref39],[@ref63]^ The addition of 10 wt % cholesterol to a clinical grade extract induced a transition from coexisting lamellar gel and liquid crystalline lamellar phases to one liquid lamellar phase with a higher order of the acyl chains. We thus investigated the impact of cholesterol addition on the lung multilayer films in the capillary setup. In the cholesterol-containing systems, at both RH investigated, a single lamellar phase was observed throughout the whole film by SAXS. No sign of crystalline packing of acyl chains was detected by WAXS ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b and [Figures S9 and S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00362/suppl_file/oc8b00362_si_001.pdf) in the Supporting Information).

Multilamellar films reconstituted from lung surfactant extracts were also studied in the presence of divalent Ca^+2^ ions with similar results as shown for the samples with no Ca^+2^ ions. This implies that the multilayer self-assembly structures in the lung surfactant extracts are not related to ion-specific effects. However, the potential role of calcium ions in lung surfactant may be absent in Curosurf because of the absence of hydrophilic proteins SP-A and SP-D. The data from the samples with Ca^+2^ ions is shown in the Supporting Information ([Figures S11 and S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00362/suppl_file/oc8b00362_si_001.pdf)).

Swelling Profiles in Lung Surfactant Films with and without Cholesterol {#sec2.5}
-----------------------------------------------------------------------

To quantify the variation in water content in the interfacial multilayer, we performed near-infrared microscopy experiments at a spatial resolution of 25 μm. A broad band at 4800--5300 cm^--1^ in the spectra corresponds to the OH bend--stretch combination band of water. The integral of this peak thus quantifies the amount of water in the sample.^[@ref64]^ We mapped out the capillary by taking a spectrum every 20 μm, which allows us to calculate the amount of water for each position. The water gradient build-up in the capillary was observed over time. The water concentration measurements at different positions in the capillary are superimposed on the optical microscopy images in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, showing a close to linear variation in water content across the multilayer. This behavior closely resembles observations made for simpler model systems.^[@ref36]^ In the lung surfactant samples with multiple coexisting phases there is a gradual change in water content across the phase boundary region, which is expected for systems where there is a gradual redistribution between the different lamellar phases. The water content in the immediate vicinity of the air--liquid interface displays a dependence with the outside humidity. Multilamellar films exposed to air with 97% RH exhibit a less steep water gradient between interface and the bulk solution compared to the film formed in dryer conditions ([Figures S13--S16](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00362/suppl_file/oc8b00362_si_001.pdf), Supporting Information). Finally, there is an abrupt change in water content at the boundary between the lamellar interfacial film and the aqueous dispersions of multilamellar vesicles.

To obtain a more detailed characterization of the swelling profile, we quantified the lamellar repeat distances as a function of position in interfacial layer based on the SAXS experiments. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the variation in the lamellar repeat distance (*d*) of the *L*~α~ phases as a function of the position in the interfacial multilamellar film at 97% RH. For the lung surfactant system with physiological levels of cholesterol, the single *L*~α(o)~ phase show a very smooth and shallow swelling profile within the whole film at both 97% RH and 75% RH ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [Figure S18](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00362/suppl_file/oc8b00362_si_001.pdf)), implying a close to homogeneous interfacial film even for relatively large water gradients. This is consistent with previous observations showing that the liquid-ordered lamellar phase is rather resilient to changes in water activity.^[@ref65]^ The measured repeat distances of the *L*~α(o)~ multilamellar structure with cholesterol lie in between those of the *L*~β~ and *L*~α(d)~ phases in the cholesterol-poor sample. For the sample with low cholesterol content, there is a stronger variation in swelling over the interfacial film of the *L*~α(d)~ phase ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The swellings of the different phases in the region of the film where the phases coexist are folded in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. While the *L*~β~ phase hardly swells at all (from 6.12 to 6.15), the *L*~×2~ spacing slightly increases in the film from 10.9 nm at the interface to 11.4 nm where the double lamellar phase disappears. Swelling profiles for samples measured at 75% RH or with Ca^2+^ ions are shown in the Supporting Information, [Figures S17--S19](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00362/suppl_file/oc8b00362_si_001.pdf).

![Lamellar repeat distance, *d*, for the *L*~α~ phases in films formed at 97% RH from (black ●) lung surfactant extract (*L*~α(d)~) and (red ●) lung surfactant extract +10 wt % cholesterol (*L*~α(o)~). The region where the *L*~α(d)~ phase coexists with *L*~×2~ and *L*~β~ phases in the clinical extract is separated with a dotted line. Repeat distances of the (blue ○) *L*~β~ phase and (gray ○) *L*~×2~ phase are shown in insert together with the repeat distances for the (black ○) *L*~α(d)~ phase.](oc-2018-00362g_0004){#fig4}

Overall, films with low cholesterol content displayed not only phase coexistence but also substantial swelling while films with a higher cholesterol content displayed a single phase with limited swelling. The addition of cholesterol in amounts comparable to the endogenous lung surfactant thus results in a much more homogeneous film than what is obtained with the lung surfactant replacement Curosurf that contains little cholesterol.

Orientation of the Bilayers in the Interfacial Film with and without Cholesterol {#sec2.6}
--------------------------------------------------------------------------------

The 2D scattering patterns ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) clearly indicate an alignment of the lamellar phases close to the air--liquid interface. For the lung surfactant extract the majority of the multilayers have bilayers that are oriented parallel to the interface. Alignment maps of the bilayers in the *L*~α~ phase of lung surfactant extract and extract +10 wt % cholesterol films formed at 97% RH an explicit bilayer orientation throughout the multilamellar film ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Bilayer alignment is extracted from the 2D SAXS spectra (example in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) as an oriented structure will give rise to scattering at distinct positions. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, orientation maps are color-coded, where red corresponds to bilayers oriented parallel to the interface. The color intensity indicates how strong the alignment is with black indicating the absence of alignment. In the vicinity of the air--liquid interface, bilayers are strongly oriented parallel to the interface. Alignment is progressively lost when approaching the dilute solution in the reservoir. Bilayers are similarly oriented in films formed from clinical lung surfactant extract at 75% RH and/or with Ca^+2^ ions. The corresponding orientation maps are shown in the Supporting Information, [Figures S3, S12, and S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00362/suppl_file/oc8b00362_si_001.pdf). We interpret this alignment as a resulting of epitaxial templating from the lipid monolayer separating liquid from air, which is oriented parallel to the interface. This orientation would propagate throughout the film to minimize defect costs. This is especially noticeable when a gel phase is present, while the orientation changes when only the *L*~α(d)~ is observed.

![(a) Explanation of the orientation maps. The orientation is derived from the 2D spectra of the SAXS measurements which are divided into 16 slices. The intensity in each slice is analyzed to determine the preferential orientation. The color code indicates preferential bilayer orientation, with red corresponding to scattering at 0° and thus to bilayers oriented parallel to the air--liquid interface. The color intensity indicates how strong the alignment is, with black indicating no alignment. (b) Bilayer orientation map for the *L*~α~ phase of a lung surfactant film assembled from the clinical extract dispersion, Curosurf, at 97% RH. Lamellae remain parallel to the air--liquid interface in a third of the film. (c) Bilayer orientation map for the *L*~α~ phase of a lung surfactant film assembled from the 10 wt % cholesterol-supplemented clinical extract dispersion, Curosurf, at 97% RH. Lamellae remain parallel to the air--liquid interface in a third of the film. The long-range alignment is lost, with lamellae continuously rotating within the film.](oc-2018-00362g_0005){#fig5}

In the films built from the cholesterol-supplemented extract, bilayer orientation parallel to the air--liquid interface is only observed close to the edge. In the rest of the multilamellar film, bilayer orientation undergoes a continuous rotation, which yields channels. This loss of orientation in the *L*~α(o)~ phase compared to both *L*~α(d)~ and gel phases could relate to the molecular-scale segregation effects that have been suggested in such phases.^[@ref66]^

Tubule Formation in the Swelling Limit {#sec2.7}
--------------------------------------

In this study, multilamellar films are formed from lipids and proteins delivered to the interfacial layer from a bulk solution containing dispersed multilamellar vesicles. During the buildup of the film, lipids are transferred from vesicles to the oriented interfacial layer through fusion processes. It is a recurring observation for all systems investigated that the fusion of vesicles with the interfacial film is associated with the formation of tubular structures ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) that have similarities to the myelination,^[@ref67]−[@ref70]^ fingering,^[@ref62],[@ref71]^ and tubulation^[@ref72]−[@ref74]^ phenomena, which have been previously described for other systems. The mesostructure of the tubules was determined by SAXS, showing a lamellar phase with identical repeat distance as the inner fully swollen layer of the multilamellar film but an orientation along the curling of the tubules ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Similar tubular structures have also been observed by Parra et al. in other lung surfactant systems placed in micropipettes under pressure. They observed that the presence of a synthetic peptide analog of the surfactant protein SP-B promoted the formation of the tubule structures.^[@ref75]^

![Microscopy images without (a) and with (b) crossed polarizers, showing tubule formation at the film growth front. (c) Orientation map from 2D SAXS patterns show that lamellar domains are weakly oriented along curls in the tubules. (d) SAXS map showing that tubules are made from lamellae directly connected to the film and with similar spacing as within the inner part of the film.](oc-2018-00362g_0006){#fig6}

Conclusions {#sec3}
===========

In this work, we have developed a methodology to assess the effect of both composition and nonequilibrium conditions on the interfacial structure of a lung surfactant clinical extract. Multilayer interfacial structures spontaneously form from the aqueous dispersion of a lung surfactant extract by concentrating a vesicular dispersion in a millifluidic channel. Even at a high relative humidity of 97% in the vapor phase, which is relevant to the physiological conditions, the difference in water chemical potential between the liquid and the gas leads to the buildup of a multilamellar film over time.

For the clinical extract, which contains only trace amounts of cholesterol, the self-assembly structure strongly varies with position in the multilamellar film. In the vicinity of the air--liquid interface, three coexisting lamellar phases are observed, a liquid-disordered lamellar phase (*L*~α(d)~), a planar gel phase (*L*~β~), and a double lamellar phase (*L*~×2~). Further away from the air--liquid interface, the two lamellar gel phases subside, yielding only the *L*~α(d)~ phase. Furthermore, a substantial variation in water swelling of the *L*~α(d)~ phase was observed within the water gradient. The lamellar phases strongly align with lamellae parallel to the interface, notably for the *L*~α(d)~ phase.

Importantly, bulk characterizations of the Curosurf lung surfactant extract equilibrated at 97% RH yielded only two lamellar phases, the liquid-disordered and the planar gel phase. The double lamellar (*L*~×2~) phase, which is predominant in the vicinity of the air--liquid interface, is thus absent in equilibrium bulk conditions. Indeed, thermodynamic nonequilibrium conditions generate fluxes and transport of matter. Since transport properties are molecular-dependent in multicomponent systems, several composition gradients arise. Locally, ratios between different lipids and protein concentration may thus deviate from bulk conditions, which impacts the self-assembly behavior. This disparity between equilibrium and nonequilibrium conditions highlights the relevance of our methodology, in which we perform structural characterizations in relevant nonequilibrium conditions. This generic method also shares some similarities with a deposition process such as the intratracheal administration of lung surfactant. A practical conclusion regarding the clinical porcine extract is its nonrobustness in terms structural diversity, arising in response to the small water gradient.

Adding cholesterol in amounts representative of the endogenous lung surfactant composition completely modified the interfacial film self-assembly structure. Both elements of structural complexity, the triple phase coexistence and large variations in water swelling, vanished upon adding cholesterol. Instead, a much simpler interfacial multilayer is obtained, which consists of a homogeneous liquid-ordered lamellar phase with relatively flat swelling profile in the water gradient. The lung surfactant system is thus an interesting illustration that, in multicomponent systems, structural complexity can decrease upon adding an additional component. This effect of cholesterol to abolish phase transitions and form a uniform lamellar structure over a range of hydration conditions has also been demonstrated in simple phospholipid model systems at varying osmotic pressures.^[@ref76]^ In the inner water-rich layer of the cholesterol-containing multilamellar films, alignment of the lipid bilayers parallel to the interface is lost and replaced by a succession of rotating channels. This demonstrates that not only the microstructure but also the mesostructure is altered upon adding cholesterol to the lung surfactant extract. Overall, our observations highlight the importance of cholesterol on lung surfactant films structure and the importance to consider nonequilibrium effects on the structure and composition of the interfacial film. In the *in vivo* lung surfactant film covering the alveolar interface, the presence of cholesterol may serve to prevent segregation and domain formation, which would have a strong impact on diffusional transport across the layer as well as mechanical and elastic properties during breathing expansion retraction cycles.

Materials and Methods {#sec4}
=====================

Sample Preparation {#sec4.1}
------------------

Curosurf water dispersions were used for all measurements at concentrations of either 16 or 40 mg/mL. The samples were diluted in aqueous solutions containing either 150 mM NaCl with 0.2 mM EDTA and 0.02 wt % NaN~3~ or 138 mM NaCl and 4 mM CaCl~2~ with 0.02 wt % NaN~3~. Small amounts of antibacterial (NaN~3~) is used in all samples to prevent contamination by bacterial growth. Control experiments were done without NaN~3~, and no detectable difference on the interfacial films was observed. The Curosurf +10 wt % cholesterol samples were prepared by adding cholesterol in chloroform solution to the vial and letting it dry to a thin cholesterol film under a stream of N~2~. The Curosurf vesicle dispersion was then added, and the solution was left to equilibrate on a shaking board for 1 week after which no visible cholesterol film was left. Cholesterol in water dispersions does not form self-assembled structures on its own but will be dissolved in the vesicles. All samples, both with and without cholesterol, were sonicated with a CupHorn 70% amplitude 10:5 pulse for 40 min at 40 °C to homogenize the solutions. A water chiller was connected to the CupHorn instrument ensuring a constant temperature during the entire sonication process.

Capillary Cells {#sec4.2}
---------------

Capillary cells are made in-house of borosilicate glass rectangular capillaries (1 × 0.1 mm) attached by a UV-hardening glue (Norland Optical Adhesive, NOA63) to a plastic container holding the bulk. The capillaries were precoated with Curosurf solution and subsequently washed with water prior to final film formation. The humidity was controlled by either storing the capillary cells in closed desiccators at 37 °C containing saturated salt solutions of either NaCl (75% RH) or K~2~SO~4~ (97% RH) or during measurements by a larger capillary connected to N~2~ gas led through 3 consecutive bubblers with saturated salt solutions.

Small-Angle X-ray Scattering {#sec4.3}
----------------------------

Small-angle X-ray scattering measurements were done at the X12SA (cSAXS) beamline at the Swiss Light Source, Paul Scherrer Institut, Zurich, Switzerland. A monochromatic beam of 11.2 keV and beam size 5 × 1.4 μm was used. Scattering was recorded with a Pilatus 2 M detector separated from the sample by a 2 m evacuated flight tube. Sample cell capillaries were mounted on a two-axis scanning stage coupled to a microscope to be able to follow where measurements were done in the capillary. Exposure time was set to 0.5 s for the majority of the measurements. Temperature was kept during measurements by a copperplate connected to a heated water bath. Humidity was controlled by humidified N~2~ gas.

Polarized Light Microscopy {#sec4.4}
--------------------------

A Zeiss Axioplan microscope was used to acquire images of the lung surfactant films. The capillary cells were positioned between two cross-polarized filters to distinguish between isotropic and birefringent phases. A magnification of 20× was used for all images which were acquired with a color camera and the accompanying Zeiss software. Images were typically sampled every 30 min. The scale of the images was decided by the observation of a ruler of known size. The humidity was kept during the experiments by a larger capillary connected to a humidifier controlled by Humisys software and facing the open edge of the sample capillary.

Infrared Microscopy {#sec4.5}
-------------------

The water contents in the samples were determined with infrared spectroscopy on a Hyperion IR-microscope with a MCT detector with a resolution of 4 cm^--1^ in the range 900--8000 cm^--1^. Data was collected in a line from the edge to the interior of the capillary with a step size of 25 μm and spatial resolution of 25 × 25 μm. Images were acquired at a magnification of 15×. The integral of the peak of the water OH bend--stretch at 4800--5300 cm^--1^ was used to determine the water content of the sample.^[@ref64]^ A calibration curve of octylglucoside--water solution at concentrations 0, 9, 20, 34, 43, and 50 wt % OG was used. The humidity was controlled by N~2~ gas passed through 3 bubblers containing saturated salt solutions.

Raman Microscopy {#sec4.6}
----------------

Raman measurements were made on a LabRAM HR Evolution, Horiba, confocal Raman microscope with a green laser at 532 nm in the region between 1200 and 1800 cm^--1^. Acquisition was set to 10 s with an accumulation of 10 at a magnification of 100×. The laser filter was set to 25% and 1200 gr/mm grafting. Measurements were made at a height of 50 μm down from the top of the film in lines from the air--liquid interface toward the dispersion reservoir in steps between 10 and 20 μm.

Cholesterol Concentration {#sec4.7}
-------------------------

The cholesterol concentration of the clinical lung surfactant extract Curosurf was determined by spectrophotometry after oxidation by cholesterol oxidase to 4-cholesten-3-one where hydrogen peroxide is a byproduct. The hydrogen peroxide is reacted with 4-aminophenon and phenol to form a color, which can be measured at 505 and 700 nm. Cholesterol esters are hydrolyzed to free cholesterol by cholesterol esterase. The analysis was performed by the clinical chemistry department at the Lund University Hospital.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.8b00362](http://pubs.acs.org/doi/abs/10.1021/acscentsci.8b00362).1D and 2D SAXS spectra and peak assignment of phases, microscopy images, Raman measurements, water gradients determined by IR, and lamellar repeat distances ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00362/suppl_file/oc8b00362_si_001.pdf))
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